As our understanding of the complexities of the various etiologies and complex genetic architecture of GnRH deficiency grows, so too does the need to apply newly-developed genetic tools in a way that: (a) is meaningful to individuals and their families; (b) integrates all of the phenotypic features of this syndrome into a rationale; and (c) provides up-to-date diagnostic technologies in a cost-effective algorithm of genetic testing. Genetic counseling aims to accomplish these goals through ascertainment of detailed family histories, targeted comprehensive phenotypic evaluations, informed selection of genetic testing, interpretation of genetic test results, and the provision of highly specific risk assessments and psychological support to individuals diagnosed with this reproductive condition.
Introduction
In a field deeply impacted by the rapid changes in the diagnosis and management of genetic diseases, the dynamic practice of genetic counseling must be regularly evaluated and revised to reflect the expanding roles of genetic counselors as well as the evolving knowledge and tools used to support it. The professional organization for the field, The National Society of Genetic Counselors (NSGC), has offered a concise definition for the practice of genetic counseling as ''the process of helping people understand and adapt to the medical, psychological, and familial implications of the genetic contributions to disease'' (Resta et al., 2006, p. 79) . This process includes providing risk assessment, educating patients regarding this risk, and assisting with management, research, and resource identification, as well as providing psychosocial counseling to facilitate informed decision making and coping.
For patients with idiopathic GnRH deficiency (IGD) with either the Kallmann syndrome (KS) or normosmic idiopathic hypogonadotropic hypogonadism (nIHH) phenotype, genetic counseling can 0303-7207/$ -see front matter Ó 2011 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mce. 2011.05.041 elucidate which of the many inheritance patterns of IGD is operating in an individual's family; delineate the full phenotypic spectrum of both the reproductive and non-reproductive phenotypes present in their family; provide a personalized recurrence risk; assist patients in deciphering complex genetic concepts relevant to their diagnosis and genetics; and navigate the growing number of options for clinical and research-based molecular testing. Additionally, genetic counseling offers a unique opportunity to identify resources needed to meet the social and emotional needs of individuals diagnosed with a highly personal reproductive condition.
The American College of Medical Genetics (ACMG) includes abnormal timing of puberty among the traits indicating a referral to a medical genetics professional (Pletcher et al., 2007) . While the care of most patients with IGD is typically managed between the patient's primary care physician and an endocrinologist, a referral to a genetics professional such as a medical geneticist or genetic counselor, should also be considered early on in the evaluation of patients with IGD. If possible, a genetics center that specializes in reproductive disorders should be considered. A genetics team is ideally suited to obtain thorough family histories and search for phenotypic clues, both reproductive and non-reproductive in nature, as well as to discuss recurrence risks, interpret test results, and address the psychosocial implications of genetic disease and testing. Specifically for patients with other, non-reproductive phenotypes, a referral to a genetics team can help clarify what evaluations may be necessary or helpful to classify an uncertain diagnosis.
The genetics of IGD
Disease-contributing mutations are currently identifiable in only about 45% of patients with IGD (Fig. 1) ; though this percentage is rapidly increasing. However, given that for the majority of patients with IGD, there is still no discernible molecular change, obtaining a detailed, three generation family history is a critical initial step in attempting to determine the inheritance pattern and recurrence risk for patients and their family members. Key clues in the family history can also aid in the process of selecting the most appropriate genetic testing. Approximately 30% of individuals with IGD will show a familial pattern of inheritance when an accurate and detailed family history has been provided whereas the remaining cases lack an apparent family history and thus are currently considered sporadic. Familial patterns run the full Mendelian spectrum of X-linked recessive, such as that which occurs in most patients with IGD + anosmia with KAL1 mutations, and both autosomal recessive and dominant modes of inheritance (Pallais et al., 2010) .
X-Linked genes
Typical of X-linked recessive pedigrees with the KAL1 gene mutations, only males are affected and are related through unaffected females (Fig. 2) . However, recent data from our own group examining female carriers and/or women with GnRH deficiency and mutations in the KAL1 gene indicate that inheritance of KAL1 variant-related traits may be more complex (Shaw et al., 2011) . Whether or not these clinical features of X-linked genes that occur in females with this condition represent the co-existence of mutations in other genes that often accompany isolated GnRH deficiency, i.e. oligogenicity (Sykiotis et al., 2010) or some degree of mosaicism of the X inactivation process currently remains unclear. Nonetheless, it is clear that some females with rare sequence variants in the KAL1 gene do have some clinical manifestations.
An absolute requirement of an X-linked mode of inheritance is that there is no male-to-male transmission of the phenotype within a pedigree. In classic X-linked recessive pedigrees, carrier females have a 50% chance for their male children to be affected; in addition, 50% of their female children will be carriers of the gene. All female offspring of affected men are carriers and all male offspring are free of any genetic defect. On a molecular level, rare variants in the KAL1 gene are currently the only identified genetic contributors to X-linked recessive IGD. In addition, to date, mutations in the KAL1 gene are unique or private within families. However, some males with DAX1 variants (also X-linked recessive) can exhibit both GnRH deficiency and congenital adrenal hypoplasia. Patients with rare variants in KAL1 often show some key phenotypic traits that are clues to the presence of a KAL1 variant, including: anosmia, unilateral renal agenesis, cryptorchidism, microphallus, and/or synkinesia. Such traits can be important in selecting KAL1 gene testing as the initial diagnostic step.
Sequence variants in KAL1 are detected in 5-10% of individuals with IGD by exomic sequencing of the KAL1 gene. Using multiplex ligation-dependent probe amplification (MLPA) 7.4% of all patients with IGD were found to have deletions of the KAL1 gene. This percentage of patients in whom deletions in KAL1 were identified rose to 12% when the population was limited to anosmic males with IGD (Pedersen-White et al., 2008) . While KAL1 screening has been traditionally been performed as sequencing in males with IGD + anosmia, this study suggests that offering deletion/duplication studies in people with both anosmic and normosmic IGD may yield informative results. Additionally, array comparative genomic hybridization (aCGH), quantitative PCR, long-range PCR, and/or fluorescent in situ hybridization (FISH) may be used to detect deletions and duplications too large to be identified by sequencing the coding regions (Oliveira et al., 2001; Georgopoulos et al., 1997. In particular, such follow-up studies might well be appropriate where exomic sequencing failed to reveal a coding sequence mutation in a patient with IGD + anosmia. Please see Chapter from authors Hu and Boloux in this issue for further discussion of the KAL1 gene as it relates to IGD.
Autosomal recessive genes
In autosomal recessive pedigrees, both males and females are affected in equal proportions and affected individuals typically exist in sibships with unaffected parents. Consanguinity or endogamy (a relationship between parents of the same small racial, ethnic or geographic population) can be a clue indicating possible autosomal recessive inheritance. If a patient's IGD is determined to be autosomal recessive in its inheritance, carrier parents can then be counseled of their 25% recurrence risk for future pregnancies and the partners of affected individuals should be offered carrier testing (when available) to assess recurrence risk for their offspring accurately. Rare sequence variants known to demonstrate autosomal recessive inheritance in IGD are typically found in the following genes: GNRHR (Cerrato et al., 2006; Bédécarrats and Kaiser, 2007; de Roux et al., 1997) , KISS1R (Semple et al., 2005; de Roux et al., 2003; Seminara et al., 2003) , TACR3 (Gianetti et al., 2010; Guran et al., 2009; Topaloglu et al., 2009 ), TAC3 , and GNRH1 (Bouligand et al., 2009; Chan et al., 2009) .
Phenotypically, male patients with variants in TAC3/TACR3 (Fig. 3) have two 'signatures' clinically -microphallus and reversal of their absent puberty in adulthood (Gianetti et al., 2010) . In addition to this unusual ''recovery'' of their reproductive axis in adulthood, individuals with variants in the Neurokinin B (TAC3/TACR3) pathway have a normal sense of smell. Therefore, phenotypic features such as reversal of neuroendocrine profile, normosmia, and microphallus can serve as hallmarks that may call for priority testing of TAC3/TACR3 signalling system as described in Fig. 6 . Typically, several of the genes demonstrating autosomal recessive inheritance (GNRH, GNRHR, KISS1, and KISS1R) have only been implicated in normosmic IGD. However, should an autosomal recessive pedigree include individuals with a congenital anosmia phenotype in their sibships with normosmic patients, i.e. 'mixed pedigrees', screening of PROK2/PROKR2 and the genes of the FGF signaling pathways may be prioritized.
Autosomal dominant genes
Autosomal dominant pedigrees typically display a ''vertical'' inheritance pattern in contrast to the ''horizontal'' pattern characteristic of autosomal recessive families. More than one generation is affected with the phenotype/trait (Fig. 4) . While males and females are equally affected and male-to-male transmission of the trait is usually seen, deviations from this pattern have been noted and suggest that other genes may be involved. Such digenicity A family with IGD + anosmia (Kallmann syndrome) demonstrating x-linked recessive inheritance and phenotypic features typical of KAL1. The proband, indicated by the arrow, has synkinesia in addition to his anosmic IGD, and carries a R191X mutation on the KAL1 gene on his X chromosome and a normal Y chromosome. His maternal uncle carries the same KAL1 mutation and has Kallmann syndrome with renal agenesis, and his maternal great-uncle with the mutation also has Kallmann syndrome. Typical of an X-linked recessive pedigree, no male-to-male transmission is seen and female carriers are asymptomatic.
( Fig. 5 below) is somewhat typical of those genes in the FGF signaling pathway. Curiously, affected individuals in pedigrees with mutations that are known to be autosomal recessive in mice appear to have a 50% chance of having an affected child and 50% chance of having an unaffected child. Rare variants in FGFR1, PROKR2 and PROK2 (Abreu et al., 2008; Cole et al., 2008; Dode et al., 2006; Pitteloud et al., 2007a,) , CHD7 (Jongmans et al., 2009; Kim et al., 2008) , and FGF8 (Falardeau et al., 2008; Trarbach et al., 2010a) have been reported to show potentially autosomal dominant inheritance in IGD. These puzzles remain to be elucidated and as more genetic variation is identified, the genetics of IGD will become more complex.
Given such multi-generational pedigrees, the non-reproductive features associated with isolated GnRH deficiency can provide important clues as to which of these genes may be prioritized for genetic testing. For example, dental agenesis, skeletal defects of the spine or hands, or IGD with anosmia but without renal defects in a patient with a positive family history that spans more than a single generation has been reported in individuals with FGFR1 variants and somewhat distinguishes them from their KAL1-positive counterparts. Therefore, in patients with these phenotypic features, FGFR1 genetic testing is more likely to yield a positive result than other genes. Rare variants in FGFR1 have also been associated with cleft lip/palate, syndactyly, IGD with neuroendocrine reversibility Fig. 3 . A TACR3 positive family with IGD demonstrating complex autosomal recessive inheritance. Typical of an autosomal recessive pedigree, the affected family members with IGD are siblings and the mother is a carrier of a single TACR3 mutation. However, in true autosomal recessive inheritance, affected family members are expected to carry a genetic variant on each allele, while only one mutated allele has been identified in the affected members of this family. The microphallus seen in one of the brothers with IGD, as well as the neuroendocrine reversibility, can be subtle clues to suspect a TACR3 or TAC3 mutation. Fig. 4 . An IGD pedigree showcasing autosomal dominant inheritance with variable expressivity. As is typical for an autosomal dominant inheritance pattern, several generations have an ''affected'' family member. Affected individuals have one wild-type FGFR1 allele and one mutated FGFR1 allele. Additionally, the concept of variable expressivity is shown by the grandmother with delayed puberty, the mother with anosmia and normal puberty, and the proband (indicated by the arrow) with IGD, anosmia, and cleft lip, though all have the same genetic change.
brachydactyly, and agenesis of the corpus callosum (Dode et al., 2003; Pitteloud et al., 2006; Trarbach et al., 2006) . Like variants in its receptor, FGFR1, variants in FGF8 can present phenotypically as IGD +/À anosmia with midline defects such as cleft lip/ palate and hypertelorism. Families with autosomal dominant variants are also more likely to show incomplete penetrance. This means that affected individuals possessing the disease-contributing genetic variant lack the related phenotype/s. Alternatively, variable expressivity exists when differing phenotypic traits are seen among individuals (both sibs and other families) who exhibit the identical genetic variant. Fig. 4 demonstrates such variable expressivity within a family. The proband, his mother, and his maternal grandmother all share the identical FGFR1 variant; however, their phenotypic traits range from isolated anosmia, to delayed puberty, to IGD with anosmia and cleft lip/palate. Environmental and behavioral triggers as well as the influence of additional genetic variants may explain some of discrepancy between an apparent inheritance pattern seen in a family and the lack of segregation of variants within a family. The presence of rare variants in more than one gene (di-and oligogenicity) among individuals with IGD has been described by Pitteloud et al. (2007b) , Sykiotis et al. (2010) , and Canto et al. (2009) . Fig. 5 shows such digenicity within a family. The proband, his sister, and father carry the same FGFR1 frameshift variant but only the proband and his sister have IGD. However, the proband and sister also both have a mutation in PROKR2, inherited from their mother, which likely modified their disease-burden.
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Genetic testing for IGD
At the present time, the primary method for screening genes involves sequencing of coding regions. While deletion/duplication testing may be performed for these genes, such variants have only been identified in KAL1 and very rarely in FGFR1 (Trarbach et al., 2010b; Pedersen-White et al., 2008) . Due to the rare nature of deletions/duplications in autosomal genes, sequencing should be considered as the highest priority for testing. Furthermore, sequencing entire coding regions of these genes is necessary as most current variants tend to be private and only shared among family members.
The complexity and expense of genetic sequencing on a clinical basis currently requires that the genes selected for testing be prioritized through careful phenotyping of individual patients and collection of detailed family histories. Non-reproductive phenotypes can be quite helpful in guiding the screening priorities for an individual with IGD as described in Fig. 6 . For example, in a patient with a family history of Kallmann syndrome showing x-linked inheritance and/or a history of renal agenesis or synkinesia, screening of the KAL1 gene should be prioritized, while for a patient with IGD and a family history of KS and/or nIHH as well as clefting or dental agenesis, screening for FGFR1 would be expected to have a higher mutation yield. The thorough evaluation of phenotype and family history, can be a useful tool to prioritize screening and save healthcare dollars. In the near future, however, next generation sequencing promises a more rapid and affordable means to sequence multiple genes and even the entire human exomes in a clinical setting. Such technology could eliminate the need to prioritize screening as all genes could be sequenced in a single test. The implementation of this practice, however, must first thoroughly consider the possibility of identifying variants of unknown significance or otherwise unexpected and possibly undesired information (paternity, consanguinity, risk for health conditions other than IGD).
At the time of publication, clinical genetic testing conducted through a CLIA-approved laboratory for IGD is only available for KAL1, FGFR1, and CHD7, though more than a dozen genes with noted contributions to IGD have been published in peer-reviewed scientific literature are reviewed in this Special Edition. While a wider range of genetic testing for these genes is available on a research basis, expanding the menu of clinical tests accessible to patients would provide assurance of test accuracy and reliability and provide results in a timely manner. For results to have maximum benefit to patients and families, however, continued research and revision of clinical guidelines for testing and results-based management is necessary. The current list of available clinical and research-based testing, in addition to information about the laboratories conducting the testing, can be found on the National Center for Biotechnology Information's ''GeneTests'' website at http://www.ncbi.nlm.nih.gov/sites/GeneTests/ (accessed March 5, 2011).
Psychosocial aspects of IGD
The discussion of the diagnosis and potential causes of IGD with a patient or family is a sensitive subject coupled with significant psychological stress related to the essential nature of one's sexual identity over and above the usual genetic issues. Patients often feel self-conscious when comparing their lagging sexual development to that of their peers. Particularly for adolescents, visits to their clinician to discuss their sexual maturation are particularly charged. They may feel awkward or embarrassed so healthcare providers need to be sensitive to these potential issues. Additionally, couples being seen for infertility may feel inadequate when comparing themselves to friends and family members with children. They may be looking for answers as to why this condition is happening to them and practitioners may not always have such an explanation.
Once a diagnosis of IGD has been made, there can be lingering uncertainty that may trigger ongoing emotional distress for the patient. Patients often have many questions about how they can have a child, if they will pass on the condition, or why they are the only one in their family with IGD. Even genetic testing provides limited information and may be a source of anxiety for the patient. As Baum et al. (1997) discuss, the anxiety level for the patient due to genetic testing is dependent on the individual's testing results, coping style, perceived severity of their diagnosis, level of uncertainty, and personality. Yet over and above these general considerations, sexuality adds a unique dimension of complexity to the Genetic Counselor's role in this disease. It also affords them a unique opportunity to be a reassuring presence in an otherwise charged series of complex discussions. Add to this the uncertainty that accompanies the fact that causative mutations still cannot be identified in a majority of patients with IGD and that even if a mutation is identified the predictive value is complicated by genetic features such as variable expressivity, reduced penetrance and oligogenicity. Additionally, if a mutation is identified, it may have implications for the patient's entire family and the disclosure of such a diagnosis or genetic test result to family members can be an extra stressor for the patient.
Genetic counselors or other practitioners can help alleviate some of the stress by listening carefully to and validating a patient's concerns as well as helping them brainstorm ways to share this information with their family should they desire to do so. Additionally, they can help by devoting the time to obtain a detailed family history to try to discern the inheritance pattern and remove some of the uncertainty surrounding the patient's diagnosis. Genetic counselors can also help explain the inheritance patterns and reinforce the idea that the patient is not alone in their diagnosis to minimize feelings of isolation or embarrassment.
In addition to psychosocial matters, genetic testing in IGD can be accompanied by ethical concerns including the testing of minors, restricted diagnostic predictability of testing particularly when used in prenatal settings, and limited availability and expense of clinical genetic testing. The American Society of Human Genetics and the American College of Medical Genetics practice statement regarding genetic testing in minors 1995 encourages the clinician to work closely with the family and the patient's other healthcare providers to determine the possible medical and psychological benefits as well as limitations and even harms of testing. Because of the often delayed diagnosis of IGD, diagnosis by genetic testing of at-risk pre-symptomatic minors offers a means to identify individuals who will benefit from increased monitoring for signs of delayed puberty and initiation of treatment before significant delays are apparent. Therefore, genetic testing for IGD can be beneficial in regards to treatment, surveillance, and early adaptation when a rare gene variant(s) with 100% penetrance and predictable expressivity is identified in an individual. Unfortunately, for the over 50% of affected individuals in whom no rare genetic variants are identified, as well as those with genetic variants with reduced penetrance, variable expressivity, or variants of unknown clinical significance, uncertainty regarding future diagnosis and prognosis can produce increased anxiety in the patient and their family members.
Thorough counseling with the patient and their parents and/or partner prior to testing is necessary to aid the family in weighing the benefits, risks, and possible uncertainty that may result from testing. Post-results counseling is also important to promote the comprehension of the result, discuss the significance of the result for patient and family members as well as any remaining uncertainty about chances for fertility and chances of passing on their condition. Throughout the process of pre-and post-test counseling, the goal must be to uphold the autonomy of the patient (in coordination with a parent when necessary), maximize the benefit, and reduce risks associated with genetic testing and diagnosis (Weil, 2000) .
Summary
As research into the genetics of IGD continues, the complexity of both the genetics and the diagnosis is also growing. The continued identification of new genes, growing complexity of inheritance patterns, and expanding phenotypes are all allowing the profession to classify IGD more precisely and provide more complete information to patients about their diagnosis and recurrence risk for their family members. As the cost of screening larger numbers of genes decreases with more widely available and cheaper exomic sequencing, accurate and thorough phenotyping will become ever more important to drive the downstream analysis and identification of new candidate genes and disease classifications. Additionally, it will become increasingly important to be able to explain complex genetic concepts to patients who present to clinic as well as to explain what they should expect, both in regards to symptoms and the likelihood that their children, siblings, or other family members may also be affected. Thus, the role of the Genetic Counselor as a critical team member will only grow in the family of conditions of IGD as outlined in the Special Edition of MCE.
